Abstract. The time spread of the rays collected by a large diameter imaging atmospheric Cherenkov telescope (d∼20-30 m) is investigated. We compare the influence of the geometry of the spherical and parabolic reflectors on the shape and duration of collected Cherenkov light. It is shown that the design-induced additional widening of the collected Cherenkov light pulse is essential for the spherical reflector of DaviesCotton type, and is negligibly small for the parabolic reflector. At the detection of 10 GeV γ-showers, the pulse width on the spherical telescope's focal plane may reach 15-20 ns instead of 5-8 ns inherent to the incident light pulse itself. In the case with a parabolic telescope the pulse widths of the light incident on the telescope disk and collected onto the camera are almost identical.
INTRODUCTION
The Imaging Atmospheric Cherenkov Telescopes (IACTs) have proved powerful detectors of very high energy gamma-rays sources [1] . At present, new-generation telescopes with 12-17 m diameter reflectors have been put into operation, which make it possible to bring the primary gamma rays detection energy threshold down to several tens of GeV. Further reduction down to few GeV is possible either when a larger diameter (∼20 m) IACT (or an array of such detectors) of an appropriate design will be installed at enough high altitudes (∼5 km above sea level (a.s.l.)) [2, 3] , or when a telescope with still larger diameter is installed at lower observation level [4] . However, there are some limitations on the extra large diameter Cherenkov telescope timing possibilities. The point is that in the IACTs technique the gammaray initiated showers must be selected over the noise events due to the Night Sky Background (NSB) by using a relatively narrow timing gate of a typical length of ~5-8 ns at GeV energies (see below). At the same time, as is well known the typical atmospheric multi-mirror reflector itself is not ishochronous, which is the cause for the broadening of the time pulse of collected photons. The design induced additional widening of the Cherenkov light pulse increases the average level of the noise detected along with the signal, which in its turn defines the minimum amount of Cherenkov light that can be reliably measured by a telescope and therefore determines its energy threshold. This effect can be significant for large diameter reflectors (and hence for low energy threshold IACTs) since: (i) the additional widening of Cherenkov pulse can be comparable with the pulse width itself, and (ii) at such low energies the number of photons initiated by γ-showers and NSB can be about the same.
The influence of extra-large diameter imaging telescope geometry on the time profile of collected Cherenkov light and the detection energy threshold is considered. For this aim, a raytracing program [5] has been integrated with the MOCCA Monte-Carlo code [6] , which is used for simulation of the air showers and accompanying Cherenkov light production.
spherical (Davies and Cotton [7] design) and parabolic, depending on the shape of the reflector's frame on which identical spherical mirror elements are positioned. The disadvantage of the Davies-cotton design for Cherenkov work is its asynchronism, i.e. light travel times from different portions of the mirror reach the focal plane at different times. For parabolic reflector, the spherical shape of the indiviudual mirror elements introduces some time dispersion, which is relatively small. For example, the time spread inherent to reflector's optics varies from 6 ns for the Whipple 10 m f/0.7 spherical telescope [8] to 0.3 ns for the 17 m f/1 parabolic MAGIC telescope [9] . These evaluations for both types of constructions are made for a plane wave front incident parallel to the telescope optical axis. However, the Cherenkov light from an extensive air shower almost never falls parallel to the optical axis of telescopes. First, the Cherenkov photon sources are not infinitely away: for the gamma-showers of energies ∼10 GeV, the maximum of radiation is ∼10-12 km far from the telescope installed at typical observation altitudes. Second, the angles of incidence of Cherenkov photons are distributed over quite large angles determined by the development of the charged secondaries in showers and by the Cherenkov angles of radiation. In fact, the IACT is not astronomical instrument in the conventional sense it represents a mere collector that focuses the incoming light only.
We have simulated the tessellated telescope optical response with respect to the falling rays uniformly distributed both within the Field of View (FoV) and over the telescope disk. and the time dispersion is ≈2.4 ns. For a 30 m spherical reflector, the maximal widening is ∼15 ns, the FWHM is ≈11 ns, and the time dispersion is ≈3.3 ns. b) Parabolic reflector. Some imaging atmospheric Cherenkov telescopes have parabolic reflectors, the spherical mirror elements of which are arranged on a paraboloid. In such constructions, the parabolic frame ensures isochronous collection of the reflected light, while the spherical form of the mirror facets provides acceptable off-axis characteristics, especially for the light concentration [10] . In Fig.1 we show the time spread distributions for 20 and 30 m diameter parabolic reflectors (right panel). The time variation describing characteristics are: the maximum time difference is ≈2.7 ns and ≈3.7 ns, the FWHM is ≈0.8 ns and ≈1.2 ns, and the time dispersion is ≈0.4 ns and ≈0.6 ns, respectively. These estimates shows that the exploitation of 20 and 30 m diameter f/1 parabolic reflectors instead of spherical ones will reduce the maximum time spread of collected rays ∼4 times decreasing the FWHM by a factor of ∼9.
We consider the radius of a circle on the telescope focal plane containing 80% of reflected rays (r 80 ) as a measure of light concentration. These radii are calculated from the initial light directions close to which the maximum intensity of reflected rays is found. If the incoming angles are 0, 1º, 1.5º and 2 o , then the values of r 80 for 20 m reflectors are 0.012º, 0.053º, 0.08º and 0.107 o for spherical and 0.025º, 0.087º, 0.13º and 0.175 o for parabolic telescopes. It is seen that r 80 is ∼1.6-2 times larger for parabolic IACT, though at angles of incidence of ≤1.5º the reflected photons are collected inside of a circle corresponding to one pixel with an angular size of 0.1º-0.12º. If the incoming rays are uniformly distributed over a zenith angle of up to 2º and an azimuth of up to 360º, then 94.5% and 90.2% of reflected rays are collected inside of a circle with a radius of 2º on the focal plane of spherical and parabolic telescopes. c) Time pulse of the collected Cherenkov light. For a quantitative estimation of the effect of the time spread on real Cherenkov pulse profile, we have simulated air showers initiated by 10 GeV gamma rays and observed by the 20 m telescopes installed at 5 km a.s.l. The Fig. 2 histograms show the time distributions of photoelectrons (p.e.) produced by the Cherenkov light hitting the telescope disk (solid lines) and the instrument's focal plane after reflection from the mirrors (dashed and dotted lines). The showers were generated parallel to the telescope optical axis. The incidence points (R) are uniformly distributed within circular 2 m bands at 100 and 150 m from the reflector. In the photon-to-photoelectron conversion factor calculations we assumed 80% mirror reflectivity and a standard form of photo multiplier photo cathode spectral sensitivity in the wavelength range from 300 nm to 600 nm with a maximum quantum efficiency of 25%. It follows from Fig. 2 that the pulse width of the Cherenkov light reflected from mirrors and hitting the instrument's focal plane widens to 15-20 ns in case of spherical reflector (dashed lines), whereas for parabolic reflector the initial pulse width remains almost unaffected (dotted lines). Let us take the time interval ∆τ as the Cherenkov pulse width, the lower and upper limits of which are restricted by the value of 0.1·S, where S is the total number of photoelectrons initiated by the Cherenkov light incident on the telescope, i.e. ∆τ is the time window containing 80% (from 10 to 90%) of the signal. The values of ∆τ for the showers at those radii are ∆τ≈6, 13 ns for parabolic (i.e. isochronous) design, and ∆τ≈10, 16 ns for spherical type, respectively. Since ∆τ is a function of the shower impact point R, then some average value of ∆τ must be considered as a time gate for all distances. ∆τ should be 8 ns for parabolic reflector and 15 ns for spherical one in order to have ∼80-90% of the signal incident on the telescope. Indeed, for the shower impact points R=100 and 150 m, the ratio of the number of photoelectrons in the time interval of ∆τ to the total number of photoelectrons is 91 and 80% when the reflector is isochronous (i.e., parabolic) at ∆τ=8 ns, and 92 and 85% at ∆τ=15 ns when the spherical reflector's real geometry is taken into account. Thus, the integration gate for a large spherical reflector should be ∼15 ns to capture ∼80-90% of the Cherenkov photons from 10 GeV gamma-showers, while the time gate of a parabolic reflector should be ∼8 ns. The similar estimations are valid for the showers impact point of 200 m [3] .
DETECTION ENERGY THRESHOLD
The energy threshold of IACTs is defined mainly by two factors: (i) the gamma-ray detection rate must exceed the accidental trigger rate introduced by the NSB, and (ii) the minimal number of photoelectrons in the image must be sufficient for an appropriate image analysis. Using a larger diameter telescope, smaller pixel size of cameras and a fast timing technique for the light integration gate, we can decrease the imaging telescope detection energy threshold. For the given telescope configuration the reduction of pulse integration gate allows to suppress the level of detected background produced by the NSB and hence to lower the instrument's energy threshold. In an ideal case, at the detection of Cherenkov photons initiated by gamma-showers, the integration gate should be, as a rule, comparable with the time pulse width of the Cherenkov light itself. However, the integration gate necessary for detection of gamma-images can be determined according to the pulse width of the light, which is reflected from the mirrors and collected onto a photo-receiver. Therefore, it is important to find out how the design-induced Cherenkov pulse 'broadening' affects the telescope energy threshold.
In the IACT technique the so-called hardware trigger condition is usually introduced to avoid noise-triggered false events. It requires that the signals be above some critical threshold q in two or several adjacent pixels in the camera. The quantity q corresponds to the minimum Cherenkov light that can be reliably detected by the detector and hence defines its energy threshold. q is determined by telescope's and photo-receiver's geometrical sizes, pulse integration time and NSB flux level. In the simulations, we have considered the following parameters for the two 20 m diameter telescopes (spherical and parabolic) located at 5 km a.s.l.: the total area of each f/1 reflector is 260m 2 , and they are equipped with a 721-channel camera with 0.12º individual pixel size corresponding to an effective full field of view of ≈3.2º. As to the NSB flux level, then its value at such high altitudes (5km a.s.l.) has never been measured experimentally, and therefore some estimations of it should be done. For this purpose we extrapolate the value of the NSB flux in the wavelength range of 300-650 nm measured at the HESS and HEGRA observation levels, namely: (1) where the z dependence is taken from [12] , and it is supposed that the incidence angles are small. Here z is in g⋅cm -2 ⋅s⋅sr. As far as the critical threshold q is determined by the fluctuations of NSB light, then assuming that its value is at the level of "three sigma", we get q≈8 p.e. for the spherical reflector (∆τ=15 ns) and 6 p.e. for parabolic reflector (∆τ=8 ns) when a photon-to-photoelectron conversion factor is 0.2.
In Eq. (1) an assumption was made that all the NSB light components depend on the observation altitude z. Another method of extrapolation is based on the fact that the diffuse brightness of the moonless sky, I NS , can be expressed as [13] :
where I 0 is the contribution from the night airglow, zodiacal light, integrated starlight, diffuse galactic and extragalactic background light, while ISc is the tropospheric scattering of the infalling light. The "extinction coefficient" Λ depends on the wavelength, zenith distance, observation altitude and atmospheric conditions. Let us suppose that the atmospheric attenuation coefficient Λ has the same meaning and form as in the Eq. (1) We have studied the differential energy spectra of triggered events at a given hardware configuration to estimate the detection energy thresholds for the extensive air showers initiated by different primaries. The effective energy threshold (E th ) of telescope is defined as the maximum in the triggered events spectrum for a given initial flux. Monte-Carlo simulations have been performed for the 20 m diameter IACTs with spherical and parabolic design installed at 5 km a.s.l. and pointed to the zenith. In the numerical calculations above discussed camera characteristics and photon-to photoelectron conversion factor is supposed. Gamma-and proton showers have been generated assuming a power-law spectrum of energy with an integral spectral index of α γ = −1.5 for the photon fluxes and α p = −1.67 for the fluxes of cosmic-ray protons. The minimum simulated energy is taken lower than the expected detection threshold, i.e. 2 GeV for the gamma-and 10 GeV for the proton-showers. Gamma-showers are generated parallel to the telescope optical axis, whereas an isotropic distribution of proton-showers within an angular range of ±2º is assumed. The generation zone is chosen to be up to 200 m for both types of primaries, which corresponds to the case as if the detector is operated in an array of telescopes [2, 3] . The hardware trigger conditions are chosen to be 2nn/721≥q (at least 2 neighboring pixels of the camera have a signal of ≥q photoelectrons at an integration gate of ∆τ). The values of q are 8 and 10 p.e. for spherical design (∆τ=15 ns), and 6 and 8 p.e at parabolic reflector (∆τ=8 ns). The differential spectra of the events triggered by primary γ-showers are shown in Fig. 3 . It is seen that at the low level of NSB (solid lines), the γ-rays detection thresholds are ≈3-10 GeV for spherical reflector (q=8 p.e.) and ≈3-5 GeV for parabolic design (q=6 p.e.). For higher levels of NSB (dashed lines), the peaks in differential spectra of gamma-events are broadened, reaching ≈5-15 GeV for the spherical telescope (q=10 p.e.), and ≈5-10 GeV for the parabolic one (q=8 p.e.). These results are obtained without any additional limitations on the total number of photoelectrons in the pattern (N t ). The additional condition Nt≥50 p.e. increase the γ-ray detection threshold almost by a factor of two [3] . As to primary protons, then the detection thresholds are much higher: E th ≈50-120 GeV (∆τ=15ns) and E th ≈50-80 GeV (∆τ=8 ns) for spherical and parabolic reflectors [3] .
CONCLUSION
For the large diameter IACTs, the design-induced additional time spread of collected photons is negligible for parabolic construction, and is important for spherical reflectors of Davies-Cotton type. For 10 GeV γ-showers detected by 20 m IACTs, the width of Cherenkov pulse in the instrument's focal plane becomes ≈15-20 ns for spherical reflector instead of the intrinsic ≈5-8 ns, which would be detected by parabolic telescopes. This suggests that the use of a large tessellated telescope of parabolic construction would allow choosing an integration gate equal to the Cherenkov pulse width itself, minimizing the level of the noise induced by the NSB. The detection thresholds of a 20 m diameter telescopes installed at 5 km a.s.l are evaluated with account of the uncertainties in the estimated NSB level. For γ-rays with powerlaw integral index of αγ=−1.5 and at lower values of NSB, Eth≈3-10 GeV for spherical design with an integration gate of ∆τ=15 ns, whereas E th ≈3-5 GeV is possible for parabolic reflectors with ∆τ=8 ns. For higher levels of NSB, the energy thresholds increase by a factor of ∼1.5.
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